Introduction
Cold regions are a major research frontier for atmospheric and hydrologic sciences (Woo, 2008) . Harsh climates, isolation, and the high cost of research have often discouraged field investigations, and most research to date has been limited in scope, focusing on particular aspects of the environment such as the climate, hydrology, vegetation, or landforms (Nuttall and Callaghan, 2000) , whereas many aspects of the natural environment are interconnected (Woo, 2008) . Cold regions in China accounting for 43.5% of the country's land area together constitute the headstreams of most large rivers in Asia (Chen et al., 2006) . A shortage of data has also restricted research on the cryosphere and aspects of alpine hydrology and ecology that are highly sensitive to climate change in high altitude cold regions in China (about 298.6 × 10 4 km 2 ). For example, Anduo Station, the highest of China's routine meteorological stations, is located in the flat area of the Tibetan Plateau at an elevation of 4800 m, while the mean altitude of the Tibetan Plateau is about 4325 m, and many of the surrounding mountains are much higher than Anduo Station. This means there is little knowledge from point to regional scale on many aspects of the natural environment in China's high altitude cold regions.
The Qilian Mountains lie in the northeastern part of the Tibetan Plateau, rising to altitudes of between 2000 m and 5800 m and spanning 800 km from west to east, and their vegetation clearly follows a vertical zonal distribution. They represent an important ecological barrier in China and are also the source region for three large arid inland river basins in the Hexi Corridor (from east to west, the Shiyang, Heihe, and Shule river basins, respectively, covering a combined area of about 300,000 km 2 ). Most of the midand downstream areas in these inland river basins are covered by desert, and the runoff from the Qilian Mountains is the only water resource that can be allocated for human consumption (Kang et al., 2005) . Therefore, ecology and hydrology research in the Qilian Mountains may be important for both runoff estimation and local ecology retention. However, data limitations have also frustrated progress in this research field. Taking the scarcity of climatic data as an example, there are only a few routine meteorological stations in the Heihe mountainous watershed covering an area of 27,000 km 2 , among which the highest (Tuole Station) is located at an altitude of about 3367 m, significantly lower than the average elevation of the watershed (about 3575 m).
Although climate, ecology, the cryosphere, and hydrology are interconnected in cold regions, most research conducted in China's cold regions to date has been limited in scope in a similar manner to the Arctic study presented by Nuttall and Callaghan (2000) . Due to the shortage of synchronous measured data on the climatecryosphere-ecology-hydrology system in watersheds in China's high altitude cold regions, we still lack a clear understanding of water and heat transfer processes in the frozen soil-vegetationatmosphere transfer system (SVAT system) on different underlying surfaces, and of the functions of the cryosphere and altitudinal vegetation zonation . Given this situation, hydrological simulation and other aspects of research have a large degree of uncertainty. The authors therefore established a cryosphere-hydrology observation system including vegetation in a small alpine watershed in Heihe in the Qilian Mountains, northwestern China, in 2008. This observation system emphasizes
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The unavailability of sufficient data at higher elevations causes many uncertainties in research on cold regions. This study considers a cryosphere-hydrology observation system established in 2008 at the Hulu small alpine watershed in the Qilian Mountains of Northwest China. The altitudinal gradient of weather factors is analyzed using data from the Hulu watershed and routine stations located in the Heihe upstream. The data presented here provide the following knowledge of mountain meteorology at elevations from 3367 m to 4166 m/4248 m in the Qilian Mountains: (1) the yearly precipitation-altitude relationship is linear in regions below 4248 m in the Heihe upstream, where the precipitation gradient increased marginally from 1960 to 2011; (2) the yearly air temperature lapse rate (TLR) is weaker at higher elevations (>3000 m), and the seasonal TLR became more divergent between winter and summer half-years from 1960 to 2011 (yearly mean 5.6 °C km , respectively, and the maximum relative humidity value is found at elevations between 3500 and 3700 m in the Heihe upstream; (4) the long-term existence of snow increases the albedo to yearly means of 0.22, 0.30, 0.35, and 0.27 in areas of grassland, meadow, marshy meadow, and alpine desert in the Hulu watershed, respectively. The relationship between monthly net radiation and soil surface temperature (Ts) is linear, and the mean Ts LR was about 7.5 °C km -1 from July 2009 to September 2011.
alpine hydrology to some extent. This paper gives an overview of the small watershed established by the authors and its meteorological gradient at altitude; the other results will be reported later.
Observation Network in the Small Watershed
The small alpine watershed, the Hulu watershed, lies from 99°49′ to 99°54′ in longitude and from 38°12′ to 38°17′ in latitude, with an altitude range of approximately 2960 to 4800 m and a drainage area of about 23.1 km 2 (Fig. 1, part a) . The Hulu watershed was chosen as the venue for long-term field experiments for two main reasons. First, the area covers about 92% of the altitude range from about 2960 to 4800 m in the upstream section of the Heihe mainstream basin (10,009 km 2 , 1674 to ~5110 m; ; that is, the Hulu watershed is highly representative of the Heihe upstream basin in terms of altitude. Second, nearly all typical underlying surfaces in high cold regions can be found there, such as glacier, snow, permafrost, and seasonal frozen soil, alpine desert, marshy meadow, alpine meadow, alpine shrubs, forest, and alpine grasslands (Fig. 1, part b) . The field experiments started in August 2008 and are still being refined.
In spatial terms, the field experiments could be classified into four types by scale: point, slope, sub-watershed, and small watershed. The point scale experiments are distributed over the Hulu watershed and involve many scientific subjects. Three slope scale experiments are being conducted: each involves using the runoff field to contrasting shrubs with meadow, glacier, and forest water balance fields. Two sub-watersheds with hydrological sections and meteorological variables, soil water content and temperature, and ecological quadrats, etc., were specifically chosen for alpine desert and alpine meadow, because these two underlying surfaces cover about 22% and 52% of the upstream area of the Heihe mainstream basin, respectively ( Figs. 1 and 2) .
By subject, the field experiments focus on the cryosphere, ecology, meteorology, and hydrology, and so on, and could be roughly classified as cryospheric hydrology. For convenience, the following paragraphs describe the experiments according to their content. Meteorology, especially precipitation, is very limited in the alpine regions in China. The small watershed at Hulu has a total of five automatic meteorological towers (Table 1) and two meteorological parks before 2013. In October 2013, two new towers were set up (Fig. 1, part a) . One of the meteorological parks was designed as a national standard field, while the other has a more straightforward design. In the standard field, at all stations other than automatic station no. 5 (Table 1) , atmospheric pressure, air temperature (maximum, minimum, and routine), relative humidity, sunshine hours, evaporation, diameter (d) (d = 20 cm), soil temperature (surface and superficial layer), frozen soil depth, and weather phenomena have been observed manually since June 2009. In addition, two mini-lysimeters (d = 31.5 cm, h = 40 cm) are used to measure evapotranspiration on alpine grasslands twice a day. To reduce measurement error, readings from five rain gauges are contrasted in making rainfall and snowfall observations. One is the China standard recorder (d = 20 cm, h = 70 cm) used in all routine stations in China; the second is also the routine model, but with a windshield (Alter windshield); the third and fourth are pit gauges with different caliber sizes (d = 20 cm, area [S] = 500 cm 2 ; Goodison et al., 1998) ; and the last one is the DoubleFence International Reference (DFIR). In the simple field, a siphon rainfall recorder, an evaporating dish, one T-200B series precipitation gauge (Geonor), and four mini-lysimeters were set up in October 2011 in all stations other than automatic station no.4 (Table 1) . To detect the complexities of alpine precipitation, a total of 14 totalizers and two weighted rainfall recorders (self-made, with a one-layer wind, air temperature, and relative humidity) have also been installed over the small watershed (2960 to ~4650 m) in June 2009 and in July 2012, respectively. Now for the precipitation, there are a total of seven automatic weighted rainfall recorders, one tipping-bucket rain gauge, one siphon rainfall recorder, two China standard recorders, and 14 totalizers in the Hulu watershed. Data used here except from the totalizers are roughly calibrated by the pit gauges (A500). The more detailed calibration would wait for the DFIR data.
GLACIERS
The Hulu watershed has a total of six glaciers, the combined area of which has fallen from 1.45 km 2 in 1956 (Wang, 1981) ). A total of 6 stakes and 2 totalizers were installed in Shiyi Glacier in July 2009, with 15 stakes and 1 glacier temperature bore being added in October 2010 (Fig. 1, part a) . Because of the appearance of several moraines, the glacier runoff is sometimes roughly estimated by using isotopes instead of measuring it directly. A simple automatic station with a one-layer wind, air temperature, humidity, and weighted rainfall recorder is installed in the glacier in July 2012. Several charge coupled device (CCD) cameras with storage cards are also being installed to monitor matter balance according to the gauge changes in the stakes.
SNOW
Snow is monitored automatically and manually on point, line, sub-watershed, and small watershed scales. On a fixed point scale, there are four snow depth probes measured every half hour in the automatic stations (Table 1, stations no. 1-4). Snow depth is a routine measurement variable in the standard meteorological field after every event. Near the simple meteorological field, there is a special snow field (close to automatic meteorological station no. 4 shown in Table 1 ) including a snow pillow (3 m × 3 m), a Flowcapt sensor (3 m high), a T-200B series precipitation gauge, two snow depth probes (SR50A), an infrared land surface temperature gauge (SI-111), and soil moisture and temperature gauges.
After major snowfall, the depth, density, and water content of the snow are investigated using a snow fork (Toikka, Finland) along the two relatively fixed lines near the main branches of the Hulu watershed (see Fig. 1 , part a).
On the sub-watershed and small watershed scales, terrestrial photographic methods have been used to record changes in snow area every four hours (automatically) since March 2010. One camera (Canon EOS 7D with Canon EF 50mm f/1.4 USM Lens) using time-lapse photography was installed in March 2010 and three cameras (Canon EOS 5D) were installed in July and October 2012 to reduce shading. For the terrestrial photography method, high-precision digital elevation data (DEM) are needed for calibration and blowing snow research. It comes from the telemetry data (Light Detection and Ranging, LDAR, 1 m × 1 m) in the second Hi-WATER (Li et al., 2009) 
Isotopes research specifically funded by the National Natural Sciences Foundation of China has been applied to learn more about snow flow concentration routes since 2012.
FROZEN SOIL
Permafrost (above 3700 m) and seasonal frozen soil are both found in the Hulu watershed. The permafrost area is so difficult to climb that there are no deep soil temperature bores at present. Only the active layer and seasonal frozen soil are currently monitored. Multilayer soil moisture and temperature are measured in all five automatic meteorological towers shown in Table 1 . The soil profile in stations no.1-3 and 5 is about 1.6 to ~2.0 m, while in station no. 4 it is 3.0 m. In addition to these weather requirements, the five stations have been specially installed on five different underlying surfaces (see Table 1 ) to enable discussion of the water and heat transfer processes in the frozen soil-vegetation-atmosphere-transfer system (SVATs). Furthermore, in the two meteorological fields, the soil temperature in superficial layers (≤45cm) is measured manually. Freezing depth (<3.0 m) is also measured in the standard meteorological field. Considering the land surface temperature is measured only in flat bare soil at routine stations in China, a total of 24 recorders (TidbiT v2, Onset, USA) have been fixed at locations with different azimuth, slope, and vegetation types at similar elevations (see Fig. 1 ). By combining the data these recorders gather with such things as solar elevation and air temperature readings, an empirical formula on land surface temperature may be created for cryospheric sciences and other subjects.
ALPINE DESERT
Alpine desert areas with a high elevation, a cold climate, steep terrain, little vegetation cover, and a large area ratio (about one-third) should be used as the main runoff production areas in high altitude cold regions in China (Chen and Han, 2010) , but little has been done to investigate them. Alpine desert occupies about 50% of the Hulu watershed, making it larger than that in the Heihe upstream basin (Fig. 1 , part b, and Fig. 2 ). It is monitored at two sites, one being automatic station no. 3 (Table 1 ) and the other being a special sub-watershed (see Fig. 1 , part a). At station no. 3, an automatic mini-lysimeter has been installed in August 2013 to enable better analysis of the water balance. Though the highest elevation of the small sub-watershed (0.13 km 2 in area) is only 4280 m, it is the only one with a well-controlled hydrological section (3611 m in altitude) in the Hulu watershed. In addition to the meteorological network established in the Hulu watershed, precipitation, infiltration, evaporation (monitored through an evaporating dish and six mini-lysimeters), and condensation in the alpine desert were observed at a site (3719 m) near the discharge zone of the sub-watershed from 7 June to 30 September 2009. The runoff has been measured manually since June 2009, and a CCD camera with a storage card is fixed to monitor its water level in July 2012. 
ALPINE MEADOW
In addition to the point scale experiment outlined in Table 1 and Figure 1 , part a, a special sub-watershed for alpine meadow has been monitored since June 2009. This sub-watershed has an area of 1.1 km 2 and ranges in altitude from 3050 to 3570 m. Automatic meteorological station no. 1 (see Table 1 ), three totalizers, 24 land surface temperature recorders, several ecological quadrats, nine superficial layer temperature bores, and a regular hydrological section with a HOBO water level logger (Hobo u20-001-01, Onset, U.S.A.) have been installed to facilitate discussion of the hydrological processes and ecohydrological functions of the alpine meadow. Because the water flow is low in this sub-watershed, the HOBO logger has been replaced by a CCD camera with a storage card since July 2012. An automatic mini-lysimeter was set up to observe evapotranspiration at automatic meteorological station no.1 in August 2013.
FOREST
Most of the trees in both the Hulu watershed and the Qilian Mountains are of two species (Piceacrassifolia and Sabina prezewalskii). The former tree species, found in various locations abroad, lives on shady slopes, while the latter prefers sunny slopes. Piceacrassifolia has been arbitrarily defined as a water conservation forest species in the past, but its water balance is still not known . In contrast, the limited evapotranspiration research results obtained using sapflow techniques demonstrate that Piceacrassifolia has very large transpiration (Chen et al., 2004) . Thus, a water balance field for Piceacrassifolia has been in place since May 2010.
In the water balance field, out of forest precipitation comes from automatic meteorological station no. 4, a T-200B series precipitation gauge and a siphon rainfall recorder. The throughfall and stem-flow of four Piceacrassifolia trees are measured manually using self-made instruments. A total of four sapflow sensors (CAF, ECOMATIK) have been installed in the four trees to estimate transpiration. Two or three automatic homemade minilysimeters will also be set up in 2014 to measure soil evaporation in the forest.
ALPINE SHRUBS
Shrubs occupy 20% of cold regions in China. Because they often grow on meadow in high-altitude zones, shrub meadows are often broadly categorized as ecological or alpine meadow features in interpreting remote sensing data. Alpine shrubs are distributed broadly across the Hulu watershed (9.8%; Fig. 1, part b) . Four main alpine shrub types (Caraganajubata, Potentillafruticosa, Salix cupularis, and Hippophaerhamnoides) have been chosen to measure throughfall and stem-flow to raise awareness of canopy interception. An eddy covariance system (EC150, Campbell, Fig. 1, part a) mounted on a 10 m tower (automatic station no. 4 shown in Table 1 ) has been used to observe regional evapotranspiration since October 2011. About 20 mini-lysimeters have been used to measure shrubs' evapotranspiration manually since October 2012. In addition, about 20 ecological quadrats have been investigated since May 2010 (Fig. 1, part a) .
GROUNDWATER
Groundwater flow is difficult to estimate in alpine watersheds with complex terrain. Two groundwater wells, each of which has two HOBO sensors (Onset, USA), were drilled in October 2011 (Fig. 1, part a) . Isotope and hydrochemical methods have been applied since 2012.
DISCHARGE
Discharge is now measured both manually and automatically in three sections (Fig. 1, part a) . One is located in the discharge zone of Hulu watershed, whereas the other two lie in alpine desert and meadow sub-watersheds. The weirs are well designed and built. Flow velocity and water level are measured manually, with readings decreasing from every two hours in June 2009 to three times per day now. Two HOBO sensors (Onset, USA) have been installed in the lenitic wells to record the water level in each section. A CCD camera with a storage card was set up to complement these sensors in June 2012 and obtain more accurate water level data.
ECOLOGY QUADRATS AND SOIL INVESTIGATION
Basic soil and vegetation data are regularly gathered in the Hulu watershed (Fig. 1, part a) . Though land use data and vegetation types are respectively acquired from Advanced Land Observing Satellite (ALOS, 2.5 m) images (Fig. 1, part b) and field investigations, they are somewhat raw. Now the more detailed data are obtained from the aerial remote sensing in the second Hi-WATER (Li et al., 2009 ) experiment conducted in July and August 2012.
Altitudinal Gradient of Meteorological
Variables and Discussion
PRECIPITATION (P)
Insufficient P data is the largest source of uncertainty for watershed hydrology in alpine regions in both China and the rest of the world. Much work has been conducted to obtain accurate regional P measurements. Lauscher (1976) used global data collected at 1300 stations to discuss the relationship between P and elevation, but only 3.3% of the stations concerned lie above 2000 m a.s.l. As more data collected and methods used in large mountain ranges have been reported (e.g., Shen, 1975; Fo, 1992; Basist et al., 1994; Lin, 1995; Johnson and Hanson, 1995; Aizen et al., 1996; Thomas, 1997; Sevruk and Nevenic, 1998; Rubel and Rudolf, 2001; Sevruk and Mieglitz, 2002; Marquínez et al., 2003; Putkonen, 2004; Ahrens, 2006; Prat and Barros, 2010; Wulf et al., 2010; Akkiraz et al., 2011; Kotlarski et al., 2012) , significant advances have been made over the past few decades, leading to a greater understanding of many aspects of the basic mechanisms responsible for orographic P (Roe, 2005; Barry, 2008) . However, because most of these reports still suffer from a lack of data gathered in mountainous higher regions, the accuracy of their results is still very limited (Marquínez et al., 2003; Ward et al., 2011) ; important issues remain unresolved (Roe, 2005) ; and the unsatisfactory degree of accuracy in P forecasting means an increase in the use of observational data is still necessary (Michaelides et al., 2009 ). The need for P observations was recently assessed by a EUMETSAT expert group (Rizzi et al., 2006) . Their investigation covers meteorological applications-both numerical weather prediction (NWP) and NoWCasting (NWC)-as well as hydrology and climate, for 2020 onward. Conventional P measurements obtained from gauges, or more recently from radar, will clearly not satisfy these requirements on a global basis (Prigent, 2010) , whereas P data produced from space and at ground level are still not satisfactory in complex mountains (Ward et al., 2011) .
Our results show that, on a monthly scale, a P gradient is evident in the Hulu watershed (mean R 2 = 0.98, a = 0.01) other than in some months (Fig. 3) , similar to the results obtained in Tien Shan (Aizen et al., 1996) . Most of the exceptions occurred at the 2980 m site and the 3382 m site in winter 2009, May and November 2010, and September 2011 (Fig. 3, part a) when the precipitation was little.
The P gradient is evidently subject to seasonal differences. It is about 35 mm km -1 in summer, 3 mm km -1 in spring and autumn, and 15 mm km -1 in winter (Fig. 3, part b ). All the routine weather stations (Table 2; see Fig. 2 ) in or near the upstream watershed are used to learn more about the P Fig. 4 ), because it is far from the other stations (see Fig. 2 ). From altitudes of 1483 m (Zhangye Station) to 4166 m (automatic weather station no. 3 in the Hulu watershed), no visible so-called maximum P elevation zone is found on monthly scale. The relationship between P and altitude is complex in arid and cold Table 2 , respectively).
seasons, probably because of the changeable climate in spring and autumn and little snowfall in winter (Fig. 4) . On a yearly scale, the gradient in the Hulu watershed is also different from one year to another, with an average value of about 200 mm km -1 (Fig. 5) . In the 2010 hydrological year (from October 2009 to September 2010), the gradient was 170 mm km -1 (a = 0.01), while it was 223 mm km -1 in 2011 (a = 0.01). Totalizer data are of relatively poor quality due to long measuring intervals and a lack of regular observation and maintenance, especially in the long cold winter. Both the totalizer and automatic station data collected in the Hulu watershed are combined into yearly P figures (Fig. 6) . The 2011 data are better than those collected in 2010, with a gradient of about 204 mm km -1 (a = 0.05), close to that shown in Fig. 5 .
Moreover, the so-called maximum P elevation zone is not found on a yearly scale in either the Hulu watershed (Figs. 5 and 6) or the upstream section of the Heihe mainstream watershed (Fig.  7) . In Figure 7 , the yearly P gradients are 193 and 210 mm km Researchers have consistently observed orographic P in the Qilian Mountains for several decades, especially in recent years (e.g., Tang, 1985; Zhang et al., 2008; Wang et al., 2009a; Ding et al., 2009; Li et al., 2010; Liu et al., 2011) . However, most of these results lack data from higher regions. Tang (1985) considers P across the Qilian Mountains as a whole and is of the opinion that the P-altitude relationship follows an S shape, meaning there should be two maximum P elevation zones. This is different from the pattern shown in Figure 7 , though on a monthly scale, the S shape does appear in certain months (e.g., July 2010, August 2011; Fig. 4) . Because of the inadequate nature of the data shown in Figure 7 , the data shown in Figure 2 and Table 2 from six adjacent stations in the Heihe River basin are used to provide a comparison with Tang's results. As shown in Figure 8 , there is no S-shape relationship between P and altitude over the past 52 years. The data still follow a linear curve, with an average P gradient of 112 mm km -1 and a lower R 2 value of 0.57 (Fig. 8 , part a, a = 0.10). The data distribution shown in Fig. 8, part a, for the six stations used is similar to that illustrated in Figure 7 . Although the annual P gradient follows an increasing trend from 1960 to 2011, the increasing trend is not evident (Fig. 8, part b , a = 0.5). Ding et al. (2009) also reported a linear expression with an altitudinal gradient of 141 mm km -1 using data collected at 13 stations (the mountainous stations are the same as those considered here) from 1960 to 2006 across the whole of the Heihe River basin (from the lower desert to the Qilian Mountains). Wang et al. (2009a) use data gathered at six stations in the Heihe River basin to find an altitudinal gradient of 170 mm km -1 (also a linear curve) but use data measured at only two stations (Qilian and Yeniugou) located in the Qilian Mountains. In the Qiyi Glacier watershed (97.5°E; 39.5°N, 4304-5158 m; Wang et al., 2010) in the western part of the Heihe River basin, Wang et al. (2009a) reported the altitude of the maximum P zone to be about 4700 m using short-term (26 November 2007 through 12 September 2008) data measured by 10 totalizers (3760-4900 m). Their results show an S-shape curve similar to that concluded by Tang (1985) but different from that represented in Figure 7 in the same elevation ranges.
Different results are derived from station numbers and positions with different water vapor sources. There are three main water vapor sources in the Qilian Mountains: from west to east, they are the westerly, plateau monsoon and East Asian monsoon sources Xu et al., 2010) . The upstream section of the Heihe River basin is the region where the three circulations intersect, bringing a more complex P distribution. Zhang et al. (2008) and ground data, though the altitudinal gradient is much lower than the observed value due to coarse spatial resolution of TRMM data and other reasons. In sum, as Ward et al. (2011) have stated, in a complex mountain range like the Qilian Mountains, P data produced from space and at ground level are still not satisfactory. Establishing a P monitoring network in different parts of large alpine mountain ranges remains an urgent priority.
AIR TEMPERATURE (T)
On a large spatial scale, T varies negatively with altitude in warm seasons and latitude in cold seasons in China (Fang 1992; Chen et al., 2006) . Weng and Sun (1984) have earlier analyzed the T lapse rate in China, while Fang (1988 Fang ( , 1992 reported the T lapse rate in different latitude groups across China using routine weather data gathered at lower elevations in both studies. In mountainous environments, spatiotemporal temperature patterns are particularly complex due to the existence of both regional and landscape-scale physiographic controls in these systems (Dobrowski et al., 2009 ), whereas T is arguably the single most important component of mountain climate (Barry, 1992) . In our research on the small alpine watershed (Hulu; the data used here were gathered at a height of 1.5 m), T mainly varies with altitude, but in cold seasons this rule is somewhat undermined due to temperature inversion, such as in November 2009, November and December 2010, and January and February 2011 (Fig. 9) .
Observed air temperature lapse rates show distinct spatial, seasonal, synoptic, and diurnal variations in alpine terrain (e.g., Richner and Phillips, 1984; Rolland, 2003; Minder et al., 2010; Prömmel et al., 2010; Lewkowicz and Bonnaventure, 2011; Kirchner et al., 2012) . In recent years, the annual lapse rate commonly used is 5 or 6 °C km -1 (Bethan et al., 1996) with a climatological mean of 5.5 °C km -1 (Körner, 2007 ) based on extensive analysis of global climate records. In the Hulu watershed, the lapse rate of daily mean T varies greatly with unexpected strong temperature inverse samples (e.g., in winter 2010 and 2011, July 2010; Fig. 9, part a) , and this also shows itself in the monthly mean lapse rates as reported in the literature. On a monthly scale, it is subject to seasonal variations similar to those of P, with values of about 4 to ~6.0 °C km -1 and 3 to ~ 4 °C km -1 in warm and cold seasons, respectively (Fig. 9 , part b, a = 0.01). On a yearly scale (and also in hydrological years), lapse rates for the last two years are close to an average value of 4.8 °C km -1 (Fig. 10 , a = 0.01), which is lower than the mean global value.
In the upstream section of the Heihe mainstream watershed, the linear relationship between T and altitude is well defined on a monthly scale other than in cold seasons (Fig. 11) , and the mean yearly (2010 and 2011) T lapse rate is 4.8 °C km -1 (a = 0.01), close to that observed in the Hulu watershed (Fig. 12 , parts a and b; a = 0.01). On a yearly scale, the lapse rate has been about 1 °C km -1 weaker at higher elevations (>3000 m) in recent years (Fig. 12, part  c) , indicating that the decreasing trend in the value of T with a rise in altitude diminishes at higher elevations. This finding is different from the results obtained in the Colorado Rocky Mountains (Pepin and Losleben, 2002) .
Amplified warming at high elevations became apparent during the first half of the 20th century and has resulted in a general decrease in near-surface lapse rates (Price and Vaughan, 1993; Pepin and Losleben, 2002) . Historical data from 1960 to 2011 (Table 2) for the upstream section of the Heihe mainstream river basin show an indistinct decreasing trend in annual (a = 0.4), warm (a = 0.1), and cold (a = 0.7) seasonal T lapse rates (Fig. 13) . Similar to the results reported by Holden and Rose (2011) for uplands in the UK (though the climate is different), seasonal lapse rates in the upstream section of the Heihe mainstream river basin have also changed and become Table 2 , respectively). more divergent between winter and summer half-years (summer decreases more quickly), though the pattern is not obvious (Fig. 13) .
In the upstream section of the Heihe mainstream river basin, the mean annual T lapse rate was about 5.6 °C km -1 from 1960 to 2011 (mean R 2 = 0.986, a = 0.01; data from 1483 to 3367 m), which is close to the mean global value (Körner, 2007) . Zhang et al. (2001) obtain a lapse rate of 5.7 °C km -1 using data gathered at seven routine stations (forest regions, 1680-3045 m, from 1988 to 1998; R 2 = 0.94) in the eastern and central parts of the Qilian Mountains. Wang et al. (2009b) 91°02′E, 30°29′N) of the Nyainqentanglha Mountains south of the Tibetan Plateau. Other reports come from watersheds in several glaciers with short-term warm season data, such as those of Bai (1989; Glacier No. 1 at the headwaters of the Urumqi River, Tien Shan), Zhang and Yao (1993;  the Guliya ice cap in the West Kunlun Mountains), Liu et al. (1996; Kangwure Glacier, Himalayas) , and Han et al. (2008; Koxkar Glacier, Tien Shan) . Their lapse rates range from 6.0 °C km -1 to 12.0 °C km -1 . Wang et al. (2011) calculated an average value of 4.8 °C km -1 across the whole Tibetan Plateau using data from 108 routine weather stations with elevations no higher than 4800 m. The above results show that the annual T lapse rate varies from 5 °C km -1 to 6 °C km -1 in different parts of China's cold alpine regions, the exception being glacier watersheds where data are limited. This range is similar to both the commonly used annual lapse rate of 5 °C km -1 or 6 °C km -1 (Bethan et al., 1996) and the climatological mean of 5.5 °C km -1 (Körner, 2007) based on extensive analysis of global climate records.
HUMIDITY AND WATER VAPOR PRESSURE
Monthly mean relative humidity (RH) in the Hulu watershed varied from 30% to 80% between July 2009 and September 2011 (Fig. 14, part a) . Small RH differences are found among elevations varying from 2980 to 4166 m. In most months and on a yearly scale, the elevation zone between 3500 and 3700 m has the maximum RH value in both the Hulu watershed (Fig. 14, part b) and the upstream section of the Heihe mainstream watershed (Fig. 14, part c) .
Monthly mean water vapor pressure (WVP) and absolute humidity (AH) have a well-defined altitudinal gradient ( 
SOLAR RADIATION AND SOIL SURFACE TEMPERATURE (TS)
Near surface global radiation (G) is mainly controlled by position (latitude and longitude), cloud (sunshine hours), topography (shadowing), and the clearness index (Chen et al., Table 2 ).
2007). In warm seasons, except in some large-scale rainy days, the altitudinal gradient appears, meaning changeable weather (more cloud and convectional rain) causes lower G readings at higher elevations in the Hulu watershed (Fig. 16, part a) . Because the fixed stations are not far away and their shadowing are less in the warm seasons, their G should be close on the clear days, and the only cause of lower G readings at higher elevations is the appearance of cloud. In cold seasons, the large-scale weather situation dominates. Thus, G gradient found little between lower and higher regions in snowy months (March and April), while in other cold months, too evident G gradient appears mainly because of topographic shadowing at sites no. 2 and 3 (Tables 1 and 3 , Fig. 16, part b) . Because of topography limits, site no. 2 lies 500 m behind a mountain peak and is shaded in about December and January, while site no. 3 lies at a highland in a valley with shading from November to January. This shading would decrease the measured air temperature T to some extent. From this point of view, the reported yearly TLR in part Air Temperature (T) (also the winter ones) should be less than the 4.8 °C km -1 .
In most months and on a yearly scale, the albedo of marshy meadow (site no. 2, Table 3 ) is the largest, especially in cold seasons when ice forms and snow lies on the ground for a long period due to shadowing (Fig. 16, part c) . In the vegetation growing season (June-September), the albedo is little affected by cryosphere, with mean values of 0.25 and 0.17 in meadow and alpine desert areas, respectively. The long-term existence of snow cover increases the albedo significantly across the whole Hulu watershed in most months. Thus, mean albedo on an annual basis is larger, with values of about 0.22, 0.30, 0.35, and 0.27 at sites no. 5, 1, 2, and 3, respectively.
The highest level of net radiation flux (N) is found at site no. 1 (the lowest area), with only minor differences being detected at other sites, though the altitudinal gradient appears in most months (Fig. 16, part d) . In addition to net short-wave radiation, one of the key factors affecting N is the soil surface temperature (Ts) based on the Stefan-Boltzman law (Stefan, 1879) , largely according to land use type. Monthly mean Ts in the Hulu watershed has an evident lapse rate, with an average R 2 value of 0.779 and a mean lapse rate of 7.5 °C km -1 from July 2009 to September 2011 (a = 0.05). Ts at sites no. 2 and 3 (Tables 1 and 3) is similar (Fig. 16, part e) , though there is a large altitude difference (456 m) between them. This is likely to be explained by the low soil water content and low vegetation cover at site no. 3. Abnormal Ts variations appear in some cold months (e.g., winter 2010; Fig. 16 , part e) at site no. 2 (marshy meadow), mainly because of the formation of ice with high albedo (Fig. 16, part c) and freezing latent heat.
Despite the effects of net short-wave radiation and air temperature T (downward long-wave radiation; Campbell, 1985) , there is a well-defined linear relationship between monthly mean N and Ts (Fig. 17 , a = 0.01).
Summary
This paper gives an overview of a cryosphere-hydrology observation system recently established in the Hulu small alpine watershed in the Qilian Mountains of northwest China. Meteorology, glaciers, frozen soil, snow, and basic water balance items in areas of alpine desert, alpine meadow, forest, alpine shrubs, and alpine grassland, as well as groundwater, have been monitored since August 2008. The altitudinal gradients of major weather factors in the small watershed are analyzed and discussed on both monthly and yearly scales. (3) The elevation zone between 3500 and 3700 m has the maximum relative humidity (RH) value in the upstream section of the Heihe. The lapse rates for monthly mean water vapor pressure (WVP) and absolute humidity (AH) are subject to regular seasonal variations, with larger values occurring in warm seasons and yearly means of 1.1 hpa km -1 (R 2 = 0.97) and 0.84 g m -3 km -1 (R 2 = 0.96), respectively.
(4) The long-term existence of snow cover increases the albedo, with yearly values of 0.22, 0.30, 0.35, and 0.27 in areas of grassland, meadow, marshy meadow, and alpine desert, respectively. The highest net radiation flux (N) is found in lower grasslands with small differences being detected at other sites, though the effect of altitude appears in most months. A well-defined linear relationship between monthly mean N and soil surface temperature (Ts) is found to operate in the Hulu watershed according to land use type, while Ts has a mean lapse rate of 7.5 °C km -1 with an average R 2 value of 0.78 from July 2009 to September 2011.
In the next one or two years, the local precipitation calibration methods using wind and DFIR data, the half-empirical surface temperature formula for snow melting and soil heat transferring processes, and the glacier and snow runoff model including snowdrift and energy balance will be given. At the same time, the water and heat balance on six typical alpine underlying surfaces and their hydrological functions could be published. A distributed hydrological model named HULU for Chinese alpine regions is in design based on the measurements in Hulu watershed.
